Abstracz-'This study demonstrates a subject specific approach for simulating blood flow within a left ventricle (LV) by a combined analysis of computational fluid dynamics (CFD) and magnetic resonance imaging (MRI). Time dependent LV morphology and wall movements are measured by 3D multi-slice MRI. The information is then used to build numerical meshes for CFD simulation which provides detailed 3D LV velocity and pressure distributions in the LV cavity. Issues related to mesh generation and the prescription of valvular boundary conditions are also discussed. The predicted flow patterns are compared to that of the published MR measurements, demonstrating the effectiveness of the proposed approach.
INTRODUCTION
Heart disease is one of the biggest killer and debilitating factor in the west world. Thus far, investigators have focused on abnormalities of the LV function to explore signs and symptoms of heart diseaserl-31. LV function of the heart involves many interrelated events both in systole and diastole. Numerous factors determine how the ventricle is filled with blood during diastole and how blood is ejected during systole. Each of these factors, including ventricular relaxation, diastolic suction, ventricular contraction, pericardial restraint and ventricular interaction, is interrelated to the others in a complex sequence of eventsr4-61. Because blood flow in the LV is determined by a combination of these factors, a detailed investigation of intraventricular flow patterns can provide practical insight that may facilitate the diagnosis and treatment of LV dysfunction.
CFD techniques have been used to investigate LV flow based on idealised models for many years and is undergoing significant improvements recently. Combining CFD with non-invasive imaging techniques has been proven to be an effective means of studying complex cardiovascular dynamics, being able to provide detailed haemodynamic information that is unobtainable by using direct measurement techniques. Depending on how the ventricular wall is treated in the model, CFD simulations of intra-ventricular flow can This work is sponsored by the British Heart Foundation (FS/2001002) be classified into two categories. The first one treats dynamic interactions of blood and the ventricular wall, so that the wall moves in response to fluid forces and changes in tissue characteristics by allowing the wall properties to be time-varying [7] [8] [9] [10] [11] . The second category treats the ventricular wall as a moving boundary and blood flow was driven by the prescribed wall movement[l2-141. Because of the difficulty in obtaining time-dependent wall properties in vivo, simulations on the first category were mostly performed on idealised models with simplified geometries. The latest advancement in MRI permits accurate measurement of ventricular anatomy throughout the cardiac cycle, allowing simulations based on the second approach to be more realistic by using MR measured subject-specific LV wall movement as simulation geometry boundary.
The purpose of this paper is to describe a study of simulating intra-ventricular flow by the combination of CFD and MRI based on the moving boundary approach. In the study, anatomically realistic LV wall motions were measured by 3D multi-slice MRI. With the prescribed LV wall movement as well as boundary conditions defined on the aortic (for systolic phase) and mitral (for diastolic phase) valve planes, flow simulations were performed on the whole LV cavity throughout cardiac cycle.
METHOLDS
A healthy volunteer with no history of heart disease was chosen for this study. The study includes the following steps: (1) MRI of the left ventricle to acquire time dependent ventricular geometry; (2) Image processing to construct a deformable LV model; (3) Mesh generation, interpolation and CFD simulations.
A. M R data acquisition and imageprocessing
Imaging was performed using a Siemens Sonata 1.5T MR system. A multi-slice cine True-FISP imaging sequence was used to acquire 7 short axis slices at 16 phases providing complete spatial and temporal coverage of the LV. Breath-holding was used in MRI so as to minimize registration errors caused by respiratory movement. Segmentation and reconstruction of the LV structure was performed using proprietary software. This allowed the capture of detailed spatial and temporal properties of the endocardial border from reformatted images representing short axis, long axis and M-Mode acquisitions.
B Structured mesh generation and CFD simulation
For each time phase, structured grids consisting of hexahedral1 cells were generated in the LV cavity. Details of mesh generation can be found in [15] . The final adopted model contained 54,230 nodes and 41,000 hexahedrall cells. A total of 16 meshes were generated from the original image data in one cycle. Cubic splines were employed to interpolate the 16 meshes into 49 meshes to provide a fine time step for CFD simulations.
The Navier-Stokes equations for 3D time-dependent laminar flow with moving walls were solved using a finite-volume based CFD solver CFX4 (CFX international, AEA technology, Harwell). The blood was treated as an incompressible Newtonian fluid with a constant viscosity of 0.004 Kg/(ms). The simulation started from the beginning of systole with zero pressure defined at the aortic valve plane while the mitral valve plane was treated as no-slip wall. When it reached the beginning of diastole the aortic valve was closed (treated as wall) and the mitral valve plane was allowed to open (treated as a combination of pressure and velocity boundaries) with a 'plug' velocity profile. The simulation was repeated for four cycles to reach a periodic solution and results obtained in the fourth cycle are presented here.
Tests on mesh sensitivity and time-step size were performed by comparing results obtained with two different mesh densities (61,992 cells vs. 41,000 cells) but the same number of time steps (Test l), as well as those with the same mesh density (41,000 cells) but two different time-steps (49 vs. 80 per cycle, Test 2). Numerical differences in predicted velocities were found to be 4% for Test 1 and 2.5% for Test 2 at chosen test points, the mesh consisting of 41,000 cells and a time-step of 49 per cycle were adopted in this study. 3D graphic package EnSight was used as CFD post-processor to visualize the CFD results.
RESULTS

A Geometrical reconstruction
Two planes (A-B and C-D) were defined to demonstrate the predicted velocity vectors as shown in Figure 1 It should be noted here that neither mitral and aortic valve leaflets had been modelled in the study, nor had the exact valve ring locations due to lack of information. Instead, the boundary planes were set at about 5mm above the ventricle base which were probably inside the left atrium and ascending aorta. For the subject, the ratio of systole/diastole is about 0.47. (or thy0.47 for the end of systole).
B. Calculated. flow patterns
. . Predicted velocity vectors on the A-B and C-D planes in diastole were shown in Figure 3 . The main flow feature found for the diastole phase was that blood flowed into LV cavity via mitral valve and formed a jet towards LV apex. Vortex formed at the second half of diastole with clockwise and anti-clockwise flow in planes A-B and C-D respectively. In early diastole ( Fig. 3(a) t/tp=0.56), the inflow jet is wide and almost occupied the whole LV region. Going into the second half of diastole (t/tp=0.70) the jet was getting narrow with a vortex formed at the A-D side of the jet as shown in Figure 3@ ). With further relaxation of LV, mitral valve plane became smaller as well as the jet flow region, another vortex could be seen on the B-C side of the wall during these phases. At the end of diastole (Figure 3(c) t/tp=0.97), inflow rate was decreased significantly, the vortex which was formed in figure 3(b) is now moved towards centre of LV cavity which would remain until mid-systole of next cycle.
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(b) With the latest advancement in MRI, we are now able to obtain the geometry information in good accuracy. The present study shows that the combination of CFD and MRI is capable to provide detailed LV flow patterns on patient specific bases.
However, computational modelling of LV flow on this manner is subject to a number of potential errors. Uncertainties can come from MRI, LV model reconstruction as well as CFD simulation.
Proper selection of inflow boundary condition on the mitral valve plane during diastole is one of the most important factors affecting the accuracy of flow predictions. Ideally, MR measured velocity profiles of trans-mitral flow should be defined as inflow boundary condition on mitral valve plane. However, in our model, inflow volumetric inflow rate via matial valve was defmed only by the LV volume change at each time phase. To avoid over constraining the inflow rate and satisfy global mass conservation, a hybrid boundary condition type was used in the study. In doing so, the inflow boundary plane was divided in two part. On one part, which occupied main area of the plane, velocity boundary condition was used in which specific velocity values were defined on each cell. On the other part, pressure boundary condition was defined to achieve global mass conservation for CFD calculation. No MR measured trans-mitral velocity profile available for the studied subject, according to the published measurement results[ 16,171, as an approximation, 'Plug' flow profile was used on inflow plane for every time step.
Although no direct comparison of the predicted flow pattems with MR measurements have been made in the study, the main flow features during diastole were qualitatively similar to the reported[ 181. The main inflow entrance the ventricle towards the apex with slight skew to the B-C wall and vortices formed at both side of the inflow jet with the A side one is larger than the B side. Quantitative validation results will be presented in the conference.
CONCLUSIONS
The combination of MRI and CFD is able to predict LV blood flow with faithful mesh generation and the appropriately selected boundary conditions. The main flow features predicted by the method are similar to the reported MR velocity mapping results. However, further validations are necessary should the protocol be applied on a large scale. More detailed validations will be presented on the conference.
